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Abstract—Experimental and computational results for two
configurations which benefit fr om flow separation control are
presented.Both configurationsoperateat low Reynoldsnumbers,
on the order of ����� , characterized by laminar flow, often where
separation is unavoidable. The first, a flapping-wing propelled
micro air vehicle(MAV), consistsof a biplane pair of wings flap-
ping in counterphaselocated downstream of a larger stationary
wing, and it is shown that flow entrainment fr om the flapping
wingssuppressesstall over the stationary wing, greatly improving
the MAV performance.This is experimentally substantiatedboth
qualitatively and quantitatively. The second configuration, a
flapping-wing hydropower generator, consists of two flapping
wings arranged in a tandem configuration. Numerical results
indicate that optimal performance of the device occurs in the
presenceof massive stall, as long as the flapping motion is
properly matchedto the convectionof the dynamic stall vortices.
For both configurations, simplified panel codeand Navier-Stokes
computations are presentedto assist in the assessmentof the
major geometric and flow parameters affecting the operation of
the devices.

I . INTRODUCTION

The brilliant successof birds, insects,fish and mammals
which useflapping-wingpropulsionfor mobility hasbeenan
inspiration to humankindfor hundredsif not thousandsof
years. It is often believed that natural selectionhas led to
optimizeddesigns,however it would be naive to assumethat
what we seein natureare truly the best possiblesolutions.
While the optimization inherentin any evolutionary process
cannot be denied,organic constraintsand initial conditions
must also be considered.For example, one does not find
many rotatingpartsin nature,andthereforeit may be argued
that naturedid not selectflapping wings over propellers,but
ratherpropellerswereexcludedfrom the processentirely. On
the other hand,thereare many examplesin natureof organ-
ismswho’s performancegreatlyexceedsour bestpredictions.
Gray’s paradoxand the flight of the bumble-beeare classic
examples.

In this paperseveral configurationsare investigatedwhere
the control of flow-separation,by meansof wing flapping,is
usedto improve performance.Particular interest is given to
low Reynoldsnumberflows, wherelaminarflow increasesthe
likelihood of flow separation.Thefirst caseis a flapping-wing
propelledmicro air vehicle (MAV) with an unconventional

design(shown in Fig. 1). The tiny MAV usesa biplanepair
of flappingwings for propulsion,anda leadingfixed wing to
providemostof thelift. By flappingthewingsin counterphase,
flight in groundeffect is emulated,andthe modelis mechan-
ically andaerodynamicallybalanced,providing a morestable
platform. Flow separationon the fixed wing is suppressed
due to flow entrainedby the flapping-wing pair yielding a
virtually stall-proofvehicle.Thesecondcaseis anoscillating-
wing hydropower generatorwherea pair of fluttering wings
arecoupledto a friction device to extractenergy from theflow
(shown in Fig. 2). Numericalsimulationspredictthat optimal
performanceoccursin the presenceof massive stall, as long
as the motion is properly matchedto the convection of the
dynamicstall vortices(DSVs).

Fig. 1. RadioControlledFlapping-Wing MAV

Fig. 2. Oscillating-Wing Hydropower Generator



I I . FLAPPING-WING M ICRO A IR VEHICLE

The investigationof flapping-wingtechnologiesleadingto
the developmentof the flapping-wing propelled MAVs has
beenunderwayfor nearlya decadeandis summarizedin [1].
The radio controlledmodel shown in Fig. 1 hasa wingspan
of 27 cm, a lengthof 18.5 cm andweighsabout13.4 g. The
fixedmainwing hasa spanof 27cmanda chordlengthof 14.5
cm. A thin reflexed airfoil is usedto provide pitch stability,
and about8 degreesof dihedral provide the necessaryyaw-
roll coupling.The flappingwings have a spanof 25 cm and
a chordlengthof 4 cm, and they flap with an amplitudeof
about � 17 mm. Wing pitching is enabledthrougha passive
aeroelasticmechanism,and the minimum separationbetween
the wings is about5 cm.

The model is poweredby a rechargeableLithium-polymer
batterywith enoughcapacityto keepit in flight for about15
minutes,andtheradiogearprovidesproportionalcontrolof the
throttle andrudder. With no elevator control, the modelmust
be trimmedwith a nose-upattitude,suchthat throttlecontrols
therateof climb. Flight testingof themodelhasshown that it
will sustainflight at very high anglesof attack,in excessof 15
degrees,flying at speedsbelow 2 m/s.Whenhit by gusts,the
modelexhibits immediatestall recovery while underpower.

Recentwind-tunnel testswere used to further investigate
the performancecharacteristicsof the MAV, using a two-
componentforce balanceto directly measurelift and thrust,
unsteadyLDV to quantitatively investigatethe surrounding
flow field, and flow visualizationto qualitatively assessthe
performance.Theseinvestigationsaresummarizedin the fol-
lowing sections.

Experimentswere performed in the Naval Postgraduate
School low-speedwind-tunnel,a continuous,in-draft facility
with a 1.5 m squaretest section,a 9:1 contractionratio, and
a speedrangefrom about0 to 9 m/s.

A. Flow Visualization

A smokewire wasusedto generatestreaklines,constructed
of 0.25 mm diameterNiCr beadedwire, heatedby passinga
current throughit, and using RoscoFog Juiceas the smoke
agent.Imagerywasrecordedusingeithera digital still camera
or a digital video camerawith a high shutterspeedto freeze
themotionof thewingsandstreaklines.Detailsof themethods
canbe found in Ref. [1].

Testsof an earlier configurationhad alreadydemonstrated
the ability of the trailing, flapping wings to prevent flow
separationover a leadingfixed wing, as shown in Fig. 3. In
the left imagethe wings arestationary, andthe flow (moving
from left to right) separatesat the leadingedge.In the right
image the wings are flapping, and the flow appearsto have
reattachedto the uppersurfaceof the main wing.

For thelatestseriesof experimentsanew wind-tunnelmodel
was fabricatedwhich closely matchedthe wing geometryof
the flying MAV, but which included a much larger motor,
suitable for very long running times, and an optical rotary
encoderto allow for direct measurementsof the flapping
frequency andsynchronizationwith the LDV equipment.The

static dynamic

Fig. 3. Stall suppressiondueto flow entrainment

motor and encoderwere housedin a compactfuselage,as
shown in Fig. 4.Detailsof themodelandtheflow visualization
experimentscanbe found in Ref. [2].

Flow visualization experimentswere performedwith the
model mountedat a 15 degree angle of attack, at a flow
speedof about 2 m/s, approximatingthe flight conditions.
Initially theflappingwingswereat rest,andwerethenquickly
acceleratedto a flapping frequency of about 30 Hz. The
resultsare shown in Fig. 5, viewing the model from the left
rear corner forward, an angle which provides a good view
of the flow over the uppersurfaceof the left wing. On the
left, without wing flapping, it is clearly seenthat the flow
separatesat the leadingedge,andthewing is fully stalled.On
the right, after just four flapping strokes,the flow is already
reattached.While the boundarylayerappearsto be very thick
andunsteady, theouterflow remainsparallelto theupperwing
surfaceandreattachesat thetrailing edge.Not only is theflow
entrainmentsufficient to reattachthe flow, but it requiresonly
abouta tenthof a secondto transition.The Reynoldsnumber
is about �
	����� for the main wing, and just ��	����� for the
flappingwings.

Fig. 4. Robust wind-tunnelMAV model

static dynamic

Fig. 5. Stall suppressiondueto flow entrainment



B. Laser-Doppler Flow Measurements

A TSI two-channelLDV systemwith a single probewas
used,with flow seedingprovided by a Roscofog generator.
For unsteadymeasurements,the signal from the rotary en-
coderwasfed into a Rotary Motion Resolver (RMR), which
allowedtheLDV systemto recordperiodicdata,synchronized
with the wing flapping. Further details about the setupand
measurementprocedurescan be found in [3].

Useof the RMR provided for higherfidelity velocity mea-
surements,removing theeffectsof phase-biasedflow seeding.
Since LDV is a statistical average of a large number of
recordedevents,in anunsteady, periodicflow, theseedingden-
sity may fluctuateperiodically, biasingthe velocity prediction
toward the moreheavily seededpartsof the cycle.

To remedy this, using the RMR the flapping cycle was
dividedinto 72 zones,eachcovering5 degreesof theflapping
cycle, and the averagevelocity in eachzonewas measured.
By averagingthese72 velocities,the biasingwasremoved.

This is illustratedin Fig. 6 wherethedirect(biased)average
velocity profile is comparedto the averagevelocity profile
predictedusing the RMR. The velocitieswere recordedjust
downstreamof the flapping wings, with the model set at
a 15 degree angle of attack, flapping at 32Hz, and with a
freestreamvelocity of 2.75m/s.While the resultsaresimilar,
measurementsusing the RMR tend to resolve higher peaks
whereflow seedingis typically morediffused.

The flow-entrainmenteffect is illustratedin Figs. 7 and 8.
In Fig. 7 the time-averagedvelocity profile just in front of the
flappingwings is shown for threecases.In the first case,the
main wing is removed, andthe wings areflappedat 32Hz.In
the secondcasethe main wing is included,but the wings are
not flapped.In the third case,the main wing is includedand
thewingsareflappedat 32Hz.In all threecasesthefreestream
speedis 2.75m/s,andthemodelis setat a 15 degreeangleof
attack.Unfortunately, thedihedralof the mainwing maskeda
largeareaabove thesymmetryplane,roughlywherethefigure
legendis placed,suchthattheeffectof theupperflappingwing
is not visible.

Comparingthe flapping caseswith and without the main
wing, the entrainmenteffect is clearly seenwith abouta 30
percentover-velocity at the centerlineof the lower flapping
wing. Note that the velocity profile is nearly un-affectedby
the inclusionof the mainwing. Without flappingthe wings,a
large velocity deficit is seennearthe stagnationpoint on the
leadingedgeof thelowerflappingwing. Also notethatwithout
flapping the wings, a velocity deficit appearsmore than a
chordlengthabove the main wing, illustrating the severity of
the separatedflow.

In Fig. 8, velocity profiles a chordlengthupstreamof the
flapping wings are shown for the same three cases,and
it can be seen that the entrainmenteffect has diminished
considerably, indicatingthat the flappingwings mustbe quite
close to the trailing edgeof the main wing to capitalizeon
this phenomenon.
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C. Force Measurements

Direct lift and thrust measurementswere made using a
two component force balance. The balance was attached
to a permanentstructurefixed to the concretefloor below
the tunnel, preventing tunnel vibrations from degrading the
results. Several configurationswere evaluatedover a wide
gamutof conditions,however just a few resultsare included
here to illustrate the flow entrainmenteffect. The apparatus,
measurementprocedureandall resultsaredescribedin [2].

The measuredthrust and lift areshown in Figs. 9 and 10,
respectively, for theon-designmodel,andfor avariationwhere
the minimum spacingbetweenthe flapping wings is reduced
from 52 mm to 30 mm. The flow speedis 3 m/s, with the
modelsat a 15 degreeangleof attack,andthe flap-amplitude
andall othergeometricparametersarethesame.Changingthe
separationbetweenthe wings has several effects. It changes
theeffectivenessof theground-effectemulation,it changesthe
aeroelasticbehavior of the passive pitching mechanism,and
it alters the relationshipbetweenthe flapping wings and the
boundarylayer of the main wing.

While therearequestionsas to the cause,the effect of the
changeis dramaticallyvisible in Figs. 9 and 10. By reduc-
ing the spacebetweenthe wings, the thrust is significantly
reduced,but the lift is significantly increased.One theory is
that in the first casethe flapping wings transfermomentum
into the flow in the form of thrust,andin the secondcasethe
momentumis usedto reattachtheboundarylayer, significantly
increasingthe lift. More work will needto bedoneto evaluate
this phenomenon.

D. Computational Predictions

The computationalprediction of the incompressibleflow
over the close-coupledstationary/flapping-wing configuration
of Fig. 1 is a formidable problem which has not yet been
solved. Therefore,no comparisonswith the above described
experimentscanbepresented.However, simplerconfigurations
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Fig. 9. Effect of wing spacingon thrust

have beenstudiedusing either inviscid flow assumptionsor
two-dimensionalviscousflow assumptions.

Thetwo-dimensional,inviscid,incompressibleflow pasttwo
flappingairfoils in biplaneconfigurationhasbeenstudiedquite
extensively in [4] using an unsteadypanel method. These
computationsgave importantinsight into the effect of plunge
and pitch amplitudeand frequency on the achievable thrust,
as well as the dependenceon other parameters,such as the
phaseanglebetweentheplungeandpitch oscillation,location
of the pitch axis and the spacingbetweenthe two airfoils.

Good agreementwith the experiment can, of course,be
expected only if the flow remains attached.Using two-
dimensionalNavier-StokescodesTuncerand Platzer[5] and
Isogaiet al [6] have startedto determinethe limits of inviscid
flow analysesof flapping airfoils by computingthe dynamic
stall boundariesof flapping airfoils, i.e., the sheddingof
dynamic stall vortices from the airfoil leading edge.Using
a Navier-Stokescode in combinationwith an optimization
routineTuncerandKaya [7] have shown that singleflapping
airfoils generatemaximumthrust in the presenceof dynamic
stall, albeit at the expenseof reducedpropulsive efficiency.
It will be interestingto generalizetheseNavier-Stokescalcu-
lations to the caseof biplaneconfigurations.Someresultsto
that effect have alreadybeengiven in [8] and[9].

I I I . OSCILLATING-WING HYDROPOWER GENERATOR

The phenomenonof wing flutter is well known to aero-
nauticalengineers.An aircraft wing with finite bendingand
torsionalstiffnessesmay experiencecatastrophicflutter under
certain circumstancesbecausethe wing may absorbenergy
from the air flow. It follows that if an airfoil is mechanically
coupledin pitchandplungeit canextractenergy from theflow.
It is feasibleto constructan oscillating-wingpower generator
for the purposeof extracting useful power from a flow. In
1981,McKinney andDeLaurier[10] built sucha device and
calledit a wingmill.They testedit in awind tunnelandclaimed
that the wingmill achieved performancelevels competitive
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Fig. 11. Sideview of the model installedin the water tunnel

Fig. 12. Top view of the underwatercomponents

with conventional windmills. Since their experiments,little
computationalor experimental work seemsto have been
doneto further explore the potentialof wingmills for power
generationusing either air or water flows. Water-wingmills
would appearto be environmentally more acceptablethan
conventionalhydropowerplants,especiallyif they canbeused
in slow-flowing riverswheredamsarenot practicaldueto low
terrainandship traffic. Therefore,Joneset al [11] andDavids
[12] startedto analyzetheperformancepotentialof a wingmill
usinga singleoscillatingwing andperformeda first seriesof
watertunneltests.They concludedthattheuseof asinglewing
hasconsiderabledisadvantageswhich might be overcomeby
the use of a tandem-wingarrangement.Therefore, in [13]
and[14] a tandem-wingconfigurationwasinvestigated,shown
previously in Figs.2 andschematicallyherein 11 and12.

A. Computational Predictions

Linear theoryand two-dimensionalpanelmethodsmay be
usedto rapidlypredicttheperformanceof sucha device.How-
ever, in particularfor a low aspect-ratio,low Reynoldsnumber
investigation,the questionarisesas to the accuracy of two-
dimensional,inviscid methods.Therefore,three-dimensional
panelsimulationswererun to investigatethe effectsof aspect
ratio and the small gapbetweenthe side-by-sidewing pairs,
as seenin Fig. 12. The panel code is basedon the method
of Molino et al [15]. Additionally, two-dimensionalNavier-
Stokessimulationswere run, at a Reynolds numberof ���,
assumingfully turbulent flow (using the Baldwin-Lomaxtur-
bulencemodel)andat a Reynoldsnumberof �-	.���� assuming
fully laminar flow, to investigateviscousflow effects. Detail
of the Navier-Stokessolver canbe found in [8].

The predictedpower coefficients are comparedin Fig. 13
for a NACA 0014pitching about 0/1�2��3 with an amplitudeof
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about 73 degrees,a plunge amplitudeof about ��/76�3 , and a
phaseangleof 90 degrees.The three-dimensionalpanelcode
modelsasinglewing-pair, with anaspectratioof 2.7andagap
betweenthe wings of 8/7��3 . The Navier-Stokesresultsinclude
verticalerrorbarswhich indicatethestandarddeviation of the
power over the last 3 cyclesof the calculationsindicatingthe
periodicity (or lack thereof) of the solutions.

As expected,the three-dimensionallossesdrop the perfor-
manceconsiderably. However, theNavier-Stokessolver, in the
presenceof massive separation,predictsa considerablyhigher
power coefficient over mostof the frequency rangethaneven
the two-dimensionalpanel code results.This indicatesthat
separationdoesnot hinder the performance.To the contrary,
thedevelopmentandconvectionof a largedynamicstall vortex
(DSV) is critical to thehigh power generation.By viewing the
flowfield at discreteintervals throughthe cycle, it is seenthat
at the frequency where peak power occurs ( 9;:<8/7=2� ) the
DSV staysattachedto the uppersurface,andconvectsto the
trailing edgeat about the sametime that the airfoil reaches
top/bottomdeadcenter, at which time the airfoil mustrapidly
changeAOA. The suctionprovided by the DSV aids in this
AOA change,andthereforeincreasestheoverall performance.

The effect of aspectratio on the predictedlift andmoment
coefficients is shown in Fig. 14 for aspectratios between2
and 100 as well as the two-dimensionalcase.In this casea
NACA 0014airfoil waspitchedabout 8/7�2��3 with anamplitude
of about68 degrees,a plunge amplitudeof about ��/16�3 , and
a phaseangle of 90 degrees.While the three-dimensional
panelmethoddoesappearto be converging on an asymptotic
solution,notehowever thatit doesnot appearto beconverging
on the two-dimensionalsolution. This is also apparentin
Fig. 15 wheretheintegratedpower coefficient is plotted.More
work will need to be done to determinethe causeof this
discrepancy.

B. Water-Tunnel Results

The experimentalmodel employstwo wings in a tandem
arrangement,as depictedin Figs. 11 and 12. The two wings



−1

0

1
po

si
tio

n
>

α
z

−2

0

2

C
L

AR=2
?
AR=4
?
AR=8
?

0@ 0.25A 0.5 0.75B 1�
t/T

−0.5

0

0.5

C
M

C

AR=16
?
AR=100
?
2D

Fig. 14. Predictedeffect of aspectratio on lift andmoment

1� 10 100@
aspect ratio

0

0.2

0.4

0.6

0.8

1

po
w

er
 c

oe
ffi

ci
en

t

5

2D
3D

Fig. 15. Predictedeffect of aspectratio on power

have a streamwiseseparationof 9.6c, and operatewith a
90 degree phasedifference,such that the null spot of one
coincideswith the power strokeof the other. Discretepitch
and plungeamplitudesand pivot locationsare possible,and
thephasebetweenpitch andplungemaybevariedcontinually
duringoperation.Theairfoil sectionresemblesa NACA 0014,
with a chord length of 63 mm and a half-spanof 170 mm.
Eachwing assemblyhastwo of thesewing sections,separated
by about25mmin themiddleandabout6 mm clearancewith
the side walls. Plungeamplitudesof up to 1.4c, and pitch
amplitudesof up to about90 degreesarepossible.Themodel
usesa Prony braketo extract power from the device.

Theoscillating-winghydropowergeneratorwastestedin the
water tunnel of the Naval PostgraduateSchool Department
of Aeronauticsand Astronautics.The tunnel is a horizontal
closed circuit continuousflow tunnel built by the Eidetics
Corporation,capableof watervelocitiesup to about0.4 m/s.
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Fig. 16. Comparisonof numericalandexperimentalresults

Thetestsectionis 38 cm wide,140cm long, and50 cm deep.
At the maximumtunnelspeedthe Reynoldsnumberachieved
was about �0/1�G	H���� . An attemptwas madeto visualizethe
flow through the power generatorby injecting dye into the
water upstreamof the first wing. However, at 0.4 m/s the
rake shed a vortex street which quickly dissipatedthe dye
making it impossibleto obtaingoodvisual flow information.
Therefore,the testswere limited to obtainingmeasurements
of the extractedpower. This was accomplishedby adjusting
thepreloadtensionon the Prony brake,allowing themodelto
operatefrom no-load(just overcomingfriction andmechanical
losses)up to the point of stall.

Data acquisitionwas performedusing a load-cell on the
Prony brake to measuretorque, and a rotary encoder to
determinetherotationalspeed.Signalsfrom bothdeviceswere
recordedon a digital storageoscilloscope(DSO)generallyfor
a 16 secondperiod.Post-processingof the two signalsyielded
averagepower and frequency andthe associateddeviations.

A typical set of experimentaldata is shown in Fig. 16,
plotting the power coefficient as a function of the reduced
frequency. The predictions of the three-dimensionalpanel
code and the Navier-Stokessolver are included, and while
the general trends are comparable,the magnitude of the
experimentaldatais considerablylessthanthevaluepredicted
by the numericalsolvers.Therearemany known contributors
to this difference.The numericalmodelsneglect mechanical
friction, the accelerationof mechanicalmassand the added
mass for the submerged components,buoyancy and three-
dimensionallossesat the wing tips and the gap between
wing sections.Additionally, the experimentalwing sections
aremadeof paintedwood,andover time waterwasabsorbed
into the wood causingrather severe surfacedefects.Also,
the trailing wing operatesin the wake of the leading wing,
and thereforehas less energy to draw from. This tandem
interferenceeffect is not modeledin the numerics.



IV. CONCLUSION

Two very different flapping-wing configurationswere de-
scribed, both of which benefit from the control of flow
separation.In the first case,flow separationon a low aspect
ratio wing at a high angle of attack was suppresseddue to
an entrainmenteffect causedby a pair of flapping wings
immediatelydownstream.The reattachmentphenomenonwas
visualizedwith a smokerake,theentrainedflow wasmeasured
with LDV, and the effects on thrust and lift were measured
using a force balance.Sensitivities to the location of the
flapping wings were noted, but more work must be done
to betterunderstandthe relationship.The phenomenonleads
to a virtually stall-proof aircraft. In the second case, an
oscillating-wing hydropower generatorwas analyzed,with
numericalsimulationpredictingoptimalperformancewith the
flow completelyseparatedonthesuctionsurface,aslongasthe
flapping motion is appropriatelyset to matchthe convection
of the dynamicstall vortices.
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